ADDITIONAL INDEX WORDS. Rheum, R. rhabarbarurn, culinary, genetic distance, AFLP AitsrRacI. The genus Rheum L, commonl y known as rhubarb, is composed of 60 species, primarily distributed throughout northern and central Asia. Rhubarb species have been used for medicinal purposes for thousands of years; however, it was not until the 18th century that the culinary use of petioles was first reported. Although the origin(s) of culinary rhubarb is not clear, it is thought that the y originated from hybridization of rhubarb species originally brought to Europe for medicinal purposes. Most rhubarb cultivars lack pedigree information, and the genetic relationship among cultivars is largel y unknown. Amplified fragment length polymorphism (AFLP) markers were generated for fingerprint analysis of 37 cultivars and four putative Rheurn species accessions. Ten EcoRl and MseI primer combinations were anal yzed for a total of 1400 scored polymorphisms, with an average of 140 polymorphisms per primer combination. Results show at least two clusters of related cultivars, as well as distantly related accessions. This study provides an estimate of rhubarb cultivar genetic diversity using AFLP analysis.
multiple seedlings of cultivar might appear relatively uniform (as from asexual propagation) but be the product of selffertilization. Propagation of culinary cultivars by seed would result in a range of genotypes with the same name. Conversely, cultivars with different names may be the same. Turner (1938) lists numerous cases of the same cultivar appearing under different names. 'Early Red' was notably grown under a dozen names. In general, pedigree information about cultivars is missing or never recorded, making cultivar identification difficult and nearly impossible to authenticate.
Cultivar identification has primarily relied on morphology; however, such traits are influenced by environmental factors (Persson et al., 2000) . Persson et al. (2000) used the randomly amplified polymorphic DNA (RAPD) method and morphology to characterize 12 cultivars. Moderate correlation was found between the two methods. AFLP detects loci throughout a genome by selective amplification of restriction fragments (Vos et al., 1995) . Amplified fragment length polymorphism (AFLP) analysis does not require prior knowledge of an organism's genome (Vos et al., 1995) and has been widely shown to be reproducible (Jones et al., 1997) . AFLP profiles have the possibility to generate a large number of polymorphisms (Han et al., 2000; Kim et al., 2004; Tamiru et al., 2007) and have been widely used to determine cultivar relationships and cultivar identification (Jubrael et al., 2005; Parks and Moyer, 2004; Parks et al., 2006) . AFLP analysis has been shown to excel at estimating genetic diversity compared with morphological traits (Roy et al., 2004) .
The objective of this study was to apply the AFLP technique to assess the genetic variability between selected culinary rhubarb cultivars and rhubarb species to determine genetic relationships and genetic diversity. Table 1. AFLP ANALYSIS. Thirty-seven culinary cultivars and four putative Rheum species accessions were sampled from the germplasm collection in Palmer, AK (Table 1) . Tissue from emerging leaves was collected from single plants of each accession, with the exception of 'German Wine', where two plants, 9 and 27, were sampled. Leaf tissue was also collected from 30 individual plants of 'German Wine', which visually sorted into two phenotypic groups, 14 plants with small darkcolored leaves, and 16 plants with larger, light-colored leaves; plants 9 and 27 typify these two phenotypes, respectively. Genomic DNA was isolated using the DNeasy Plant DNA isolation kit (Qiagen, Valencia, CA) according to manufacturer guidelines.
Materials and Methods

PLANT
AFLP analysis was conducted using a modified procedure based on Vos et al. (1995) . The sequence of adapters and primers was described by Kim et al. (2004) with the exception of selective primers (Table 2) , and was generated by Integrated DNA Technologies (Coralville, IA). EcoRl selective primers were labeled with We1IRED D4, a blue phosphoramidite dye. In the restriction and ligation reaction, genomic DNA (500 ng) was incubated at 37 °C for 14 h with lx T4 ligase buffer (with ATP), 50 mm NaCl, 5 U of MseI and EcoRl, 5 tMMse1 adapter, I tMEcoR1 adapter, and 1 U of T4 DNA ligase. Preamplification was performed using MseI+C and EcoRI+A primers. The reaction mixture contained 3 IlL of lOx diluted restriction and ligation template DNA, lx polymerase chain reaction (PCR) buffer (with 2.0 mi MgCl 2), 0.2 mm each dNTPs, 0.3 IJM each of two primers, and 0.5 U of Taq polymerase for a total volume of 13 IlL. Preamplification cycle conditions were performed according to Kim et al. (2004) . Selective amplification reactions (an 8-l.tL volume) contained 2 IlL of lOx diluted preselective template DNA, lx PCR buffer (with 2.0 m MgC12 ), 0.2 mm each dNTPs, 0.625 IlM each of the two selective primers, and 0.2 U of Taq polymerase. Selective amplification PCR conditions consisted of an initial denaturation step of 2 min at 94 °C, 20 s at 94 °C, 30 s at 66 °C, and 2 min at 72 °C; the annealing temperature was then lowered 1 °C each cycle for the next nine cycles followed by 25 cycles at 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 3 mm, finishing with 60 °C for 30 mm. After selective amplification, 1 l.IL ofreaction product was mixed with 35 IlL of sample loading solution plus 0.5 tL of 600-bp size standard from Beckman Coulter (Fullerton, CA).
Samples were separated using capillary electrophoresis on an automated CEQ 8800 Genetic Analysis System (Beckman Coulter). Fragments were automatically sized and placed in bins. Each fragment (bin) was scored as present (1) or absent (0) using CEQ 8800 software (version 9.0). Inclusion or exclusion of fragments was determined by adjusting the ratio of the relative peak height threshold (RPHT) to the slope threshold (ST). A preliminary fragment list was generated using RPHT:ST = 10:10 and was compared with the 10:1 fragment list (Table 2) . Discrepancies were manually evaluated by visually checking the electropherograms. When greater than 10% of the samples showed discrepancies, the bin was eliminated; less than 10%, and bins were corrected according to visual evaluation.
In a preliminary test, 64 primer combinations were screened on 'Reeds Early Superb' to identify suitable selective primer combinations based on maximum Y values, number of peaks, and peak clustering. Sixteen selective primer combinations were identified, 10 of which ultimately proved the most efficacious for the majority of accessions analyzed (Table 2) . These 10 primer combinations were applied to 37 cultivars, including two individuals of 'German Wine' (plants 9 and 27), and four rhubarb species. Thirty 'German Wine' individuals (plants 1-30) were evaluated with two primer combinations, M-CTC/E-ACA and M-CAG/E-ACT. Plant 6 was dropped due to low dye signal.
DATA ANALYSIS. Phenetic analysis was conducted using NTSYS-pc (version 2.20e; Applied Biostatistics, Setauket, NY). Distance matrices (SIMQUAL) were generated using Dice (1945) estimate of genetic similarity (equivalent to Nei and Li, 1979) , an appropriate coefficient for a predominately dominant marker (Parks and Moyer, 2004) . For comparative purposes, distance matrices using Jaccard's similarity coefficient were generated. Clustering was performed using Dice's similarity coefficients and the unweighted pair group method (UPGMA), with the "FIND" option enabled to detect all possible trees. The COPH and MXCOMP modules of NTSYS calculated the goodness of fit of the clustering to the data matrix. Internal branch support was evaluated by bootstrap analysis of 1000 bootstrap replicated data sets with Phylogenetic Analysis Using Parsimony (version 4.OblO; Sinauer Associates, Sunderland, MA). Cultivar relationships were also studied using principal coordinates analysis (PCO). Dice's similarity coefficient and NTYSYS-pc modules DCENTER, EIGEN, and MXPLOT were used to generate two-dimensional analyses. zMseI+31Ec0RI+3 primers, EcoRl primers labeled with WeI1RED D4, a blue phosphoramidite dye. Total number of polymorphisms at a 10:10 ratio of the relative peak height threshold to the slope threshold.
x Number of polymorphisms showing discrepancies when comparing 10:10 and 10:1 ratios. 'Percentage of total polymorphisms (10:10 ratio) eliminated by manual scoring.
Results
AFLP RESULTS. A total of 1400 AFLP polymorphisms was scored for 37 cultivars and four rhubarb species using 10 Msel/ EcoRI primer combinations. The number of scored polymorphisms per primer combination ranged from 99 to 170, for an average of 140 scored fragments per primer combination. Each primer combination generated an average of 38 fragments per sample, with 'Linnaeus 137/31' averaging 29 and 'Chipman' 54, minimum and maximum average fragments per primer combination, respectively. Scored fragments ranged from 56 to 627 bp with a mean of 200 bp and a median of 181 bp. Analysis of 29 'German Wine' plants with M-CTC/E-ACA and M-CAG/ E-ACT resulted in 317 scored polymorphisms compared with 311 for the same two primer combinations in the larger dataset.
GENETIC DISTANCE ANALYSIS. Dice's similarity coefficient (Nei and Li. 1979 ) averaged between all cultivars and four Rheum accessions was 0.665, and among cultivars was 0.683. The average genetic distance of R. palinatum 2/42 UK with all other samples was 0.463, and was 0.467 among cultivars, suggesting it as a putative outgroup. The average genetic distances for the other three putative Rheum species accessions with cultivars was 0.649. 0.577. and 0.667, Rheum UK Lot 540533. Rheuni ofjicinale Baill., and R. palmatum 'Rubra,' respectively. The average genetic distance between 'Cawood Delight' and other cultivars was 0.466. The pairwise similarity coefficient between the two R. pa/matum accessions, R. palmatuni 2/42, and R. palmatum 'Rubra', was 0.483. The highest similarity coefficient, 0.901, was between 'German Wine' (plant 27) and 'Sutton' (MSU 22) , and the lowest, 0.396, was between 'Cawood Delight' and '0R23'. The similarity coefficient between 'Geniian Wine' plants 9 and 27 was 0.755.
A dendrogram was constructed using Dice's similarity coefficient and the UPGMA method (Fig. 1) . The cophenetic correlation coefficient was 0.92 between the clustering and the data matrix. A bootstrap value of 100 separated R. palmaturn 2/42 UK and 'Cawood Delight' from the other cultivars and the three putative Rheum species accessions. Highly significant bootstrap values (^90) were detected for six groups of cultivars. The two largest groups included five cultivars clustered with 'Victoria 574/27' and six cultivars clustered with 'Sutton' (MSU 17), bootstrap values 99 and 100, respectively. Pairwise similarity coefficients for the 'Victoria 574/ 27' group ranged from 0.764 to 0.849, with an average of 0.812, whereas the 'Sutton' group ranged from 0.804 to 0.901, with an average of 0.861. The two 'German Wine' plants were clearly separated, with plant 27 tightly clustered with 'Sutton' (MSU 22) and plant 9 clustered with 'Cherry Red'. Rheurn 046 058 palniatum 'Rubra' was nested among the cultivars. Analysis of the 29 'German Wine' individuals resulted in two clusters represented by plants 9 and 27 (Fig. 2) . All individuals of a phenotypic class clustered with like individuals in the dendrogram (data not shown).
Principle coordinates analysis (PCO) of the AFLP-based distance data were performed to provide additional resolution. The first and second principal coordinates described cc9% and 7% of the total variation, respectively (Fig. 3) . As shown in the dendrogram. PCO clearly separates R. palmatuin 2/42 UK (ID no. 1) and 'Cawood Delight' (ID no. 19 ) from all other samples. Similarly, the six cultivars in the 'Sutton' (MSU 17) branch of the dendrogram cluster on the left edge of the PCO, although 17 is separated from the rest. Contrasting with the UPGMA dendrogram, the PCO separates samples 12, 21, 25, and 34 from the primary distribution, 'Crimson Red', R. officinale, 'McDonald', and 'Chipman', respectively.
Discussion
This is the first report of AFLP marker analysis in culinary rhubarb. A large number of polymorphisms was scored, with an average of 140 per primer combination. This is similar to 184 fragments per primer combination reported by Kim et al. (2004) . Other AFLP studies (Carr et al., 2003; Han et al., 2000; Tamiru et al., 2007) have scored large numbers of polymorphisms, and it is reconized that automated fluorescent-dye capillary electrophoresis-based AFLP is particularly well suited for detecting fragments (Alonso-Blanco et al., 1998; Schmidt and Jensen, 2000) . To maintain the highest quality possible, efforts were made to conservatively determine fragments for scoring in this study by using stringent criteria for peak determination.
AFLP analysis was able to distinguish all cultivars and rhubarb species. In Fig. I, six (plant 27) and Goliath, lack pedigree information. All six of these cultivars are closely related, with an average similarity distance of 0.861. If all of these were clonally propagated from a common source, genetic variability is not expected however, Smith et al. (2007) report 10% variability between individual plants of asexually propagated flowering dogwood (Corims florida L.) cultivars using AFLPs. They propose that the variability may reflect inherent variations in the AFLP technique, such that diversity levels among duplicate trees may be due to noise in the system. The two most prevalent AFLP errors are allele homoplasy and scoring errors (Bonin et al., 2007) . Allele hornoplasy-when nonhoniologous fragments migrate at the same position-tends to inflate similarity values, decreasing diversity estimates. However, scoring errors could Fig. 2 . Dendrogram of 29 German Wine (GV5) plants from two A1-LP primer combinations. 317 scored lead to inflated diversity, but as polymorphisms, generated using Dice's similarity coefficient and IJPGMA clustering. Numbers at the nodes are described, the above efforts were bootstrap values for 1000 replications. The two branches denoted by bootstrap values separate the two German made to limit scoring errors. individuals with two primer pairs precisely groups them into the two phenotypes (Fig. 2) . Inclusion of two plants, 9 and 27, in the original study with 10 primer combinations confidently links them to'Cherry Red' and 'Sutton' (MSU 22), respectively. As mentioned above, these two lines may reflect divergent genotypes arising from clonal propagation. It is also possible that over many years of propagation, mishandling of crowns has resulted in a mixed line. Another possibility is the two phenotypes arose from open-pollinated seed; however, this is difficult to resolve without putative parental lines. Until additional data are generated, the two 'German Wine' lines will be grouped together under one name while recognizing phenotypic and genotypic divergence.
Lack of provenance for the four Rheum accessions confounds efforts to interpret the relationship of R. palamatuni and R. ofjicina/e to culinary rhubarb. Accession R. palmatum 2/42 UK clearly diverges from the cultivars analyzed here. Contrasting this is R. palmaturn 'Rubra', which falls in the middle of the cultivars and has an average similarity coefficient of 0.667 with the cultivars compared with the average similarity among cultivars of 0.683. This accession possibly represents an example of open pollination of a wild R. pairnaturn with a culinary-type rhubarb. Rheum palmatuni 2/42 UK is morphologically similar to R. palniaturn and is unlikely a hybrid with an unrelated species. Rheum officinale (ID no. 21) in the PCO clearly separates from the central set of cultivars; however, it falls within the central group on the dendrogram, albeit somewhat distantly related. Interestingly, 'Cawood Delight', a cultivar from Cawood Selby, North Yorkshire, England, like R. pahnatum 2/42 UK, falls outside the central set of cultivars in the dendrogram and PCO. This suggests a source of diversity rare among cultivars in this study. Dice's average similarity coefficient of 'Cawood Delight' among cultivars is 0.466 and has the lowest similarity coefficient with '0R23', at 0.396, or Jaccard's similarity coefficient 0.247. This is higher than the lowest value reported by Persson et al. (2000) between two cultivars, Jacarrd's similarity coefficient 0.130, suggesting that the collection may be lacking cultivars with more diverse backgrounds. It would be useful to identify additional cultivars with a common background to 'Cawood Delight'.
